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(57) ABSTRACT

The present invention provides a method and apparatus to
enhance the 1image contrast of a Magnetic Resonance Imag-
ing (MRI) device while simultaneously compensating for
image inhomogeneity, regardless of the source. The method
makes no assumptions as to the source of the inhomogene-
ities, €.g., physical coil characteristics or patient placement.
In the method, the error between the histogram of the spa-
tially-weighted original 1image and a specified histogram 1s
minimized. The specified histogram may be selected to
increase tissue contrast generally or to accentuate a particular
tissue class. The weighting 1s achieved by two-dimensional
interpolation of a sparse grid of control points overlaying the
image. The sparse grid i1s used rather than a dense one to
compensate for the slowly varying image non-uniformity.
Also, sparseness reduces the computational complexity as the
final weight set involves the solution of simultaneous linear
equations whose number 1s the size of the chosen grid.

23 Claims, 10 Drawing Sheets

Specified 915 900

Histogram /

Original Image Generate Compute 920
Gray Levels Histogram Transformation

925

| Modify Gray Si
P Levels

930

935
VN gl
Image Pixel Grid | | _|Compute B |-—940 | Compute Z 950
Locations Functions Matrix Vector
945
Interpolation Mutrix
Coefficients Inversion '

bij Com |,.-—-955
pute W
Vector 3065
960 K
——  Modify _|Corrected Image
| Gray Levels Gray Levels




U.S. Patent Oct. 7, 2008 Sheet 1 of 10 US 7,432,707 B1

100

/

104

S
(7%

\\L 102

\p, 7

110 108




U.S. Patent Oct. 7, 2008 Sheet 2 of 10 US 7,432,707 B1

100

: :
102 .
i i
i i
- -
116 E}X{ }X{g 116
-




. Patent ct. 7, 2008 Sheet 3 of 10 US 7.432.707 B1

A+t hF F A F ot kRt F ok + + e NN + A EEEE Y EEEE I AT N [ ] L T T L i T T R I T T o o o o D I T e
P S N N N N N I N L S ava aTaTa AT a a T T L L L LT L L T A AT AT T ataa o T T L L T T T L T T T T T L T L L T L L L T T L T T T T T T e T T T T T T T
I EEREERERE R IR + + ENE N + A EERE L EEEEEE - e e T e e e e e T e e T e T e e e
R R E RN E N E R R E R * o+ LI * L N R T R T ] 1 LR I R N T o T T D N e o
I T + ok + bk ok ko + ERE R + o+ F 4+ + o+ b+ kTR kT ok hch ok hoch otk . I I T I I I e R S T e e e e i A e R e
A R + + + 4t F - o F bk F F R E o FF F o1k - . L I T T I R I R o I N T N N N
IR E IR ERR] - * LR I D * LI R T T B T o B R N LR N S *
IR R R R E R E E E E R ] + + LR EOE I S N + o L N N N T R e I I T T T I B R R D N
L e e T I e e + EE N N I + v w4+ I T T I T e T R e Tt e T e ek
N EEEEEE EE E E EEE R ] + + EE T N -+ . EE I I T I e o T I T o o T T O T B D O
L T R R R + LR B N LI - n, 1+ v+ + P+ttt Fh bRt thor bt b F R -k FFE Rt Rt AT R E Rt F
R e e e e Y v N N N " B N N N N N N N N N N N N N N N O N N N N N N N e N N N N O e N
IERE R EREEEEREEELERN] L] LRI LIETE LI I‘I I RN N T N N T D D I
+ A+ h o+ + + o+ kot ok -+ + 4 F o+ LRI - - L T T T R e T D R R O IR N
I T T T T + LN R . - L] L I T I R T T o R N -+ 4+ 4+ +
- IR EEE R L E ] + v LR TR I LIETER. ] L] L] T N N R N T T N T o O R O R R N D e
Atk bk A -+ R % Rk o+ ok + I EEE N AR K LI B T T e I e e T e e
- A EEEEEEEEEEER] + + EE L] I ERAEER] L] LI T T R I I T e o I T B O R R N
IEERAE R EE I EE R E R + I EER AR EERER] L LR LI T N N T T R I R e R R N N LR
I T B T R I T + + 4 % h AN LI 4 4N . LI T T R T i e e T T T B e
P T N D R L e D o+ LN L L RE L LI LN LR I e e I N N I e e R N R D e 0 I L N I L D
Akt bkt h k- choch ok okt kot ok + - LI IR + 4w L e I o I T I R e + o+t F
N EEREEEEE A E E E E E ] LK} . LR L] LR EE N N N I R T T o T o R D O N
IR EE R EE R R T L] LI RN L] L N N I T o N B N I R A e N EIE I
R I T N LY - LI I I R T T T R T T B B I N
IR EEEEEERRE] + 4+ + bt F ok ] 4+ . L] L T T T T o T o
B I I I I B I T I o L Y - LY I I R T e e I I T O T B I B D R
4 4 4+ + h okt + F ok L LY - EBE I I T T T T e T e
LT L] L] LI * EIETEIEE S R A SRR I R R R A LR R * + CE N N R R
" . 2T N N N N N N T N N N N N N N e N N N N N e N N e N N N N N
BN + 4 - R T T R I o T I I o T o I I L I I
L] LI T T e e e I R B I N N N T T D
-k LY LY . I T T e T T T T T I B R R
4 4+ ] I I I I T T I o T R R e N N
+ F [ + ' LI N N N N e I B N N I T T T O R R D N
L] I N I e T o e B T R
4k L] - r + 4 L I I B N I D D N kS
4t LI L T N R T R N I A N T N S
-k L Y o T T e T T R R R
- A i A rrrrr A AT TTTTYTT T YT TP ST T PTCT ST TTFETYTCTAYT TR YT R T YT T T
4k LK R T R N R T o O T T o T T R R D R N
L] . L T T I I e I T e I
4k L] N I R I T I e o I o R
EE I I T 3 R e e i
LY LI B I I I I I T T D e
I N N I T N I T R e o e D )
L] LI T T I B I I O e B I I B D R
- EE I I I T o o R R e T e o
' . Ak A ek kol e ke m ke ke ok ke ek ke ke e ko ke Rk ek ke e
n L I T T T I T A it T A A i S e
L] L T I I T I A I I N N R N o N T I N e R e D N
L T I N B I N I A N N N I S
LY - n L I R N R I e e T e T e B N
L . . R R I T I I I R T e N T o R T o T e e R o N
1 " E kA ' + h vt AT tr Rt Attt -ttt Attt EE At A F R TR T
- LI ' R T I I R R T T e I T N I
Y LR B B+ 4+ 4+ + 4 b+ 4+ + A F v k= kb bt Attt AT A At b A FF A+
1 LI LK LI - [ L+ Ak ok kP F k h bk ch kv bk bk b b b Rk ok ok ok a kb v bk hwm ok kb kb Ak bk ko E
- - -l - - m rr AT T T AT T T YT AT YT AT T AT T T T TS T YT YRR T T e e e e
AR A R R L A R A A R R R A R R R A A E E A A A A E E R E E R R A E A A A A N A N ] “n LN E R R I N N N N N
T EEREEERE A EE R R A E R R R E R R A AR N A A A A E R ] EEEREEEAEEA E ERE R R E NN L I I T e i I e N N R N N N N I
A E A A AL A E R R R T E R AR T A R A T A A E A E R A A E E R E E R E R A E A A N ] - - N I I R T T o e T e
AR R R L A R A R R L R A L A A A A A A A A A R ] I ERA R A E A E A A R AR e LT N T I R I R o N I I R N N S )
A ERE A E L R R E N R R E E L R T E R A R A E R E E E E E EEE R E R R T E N N e e ] I I I I I i T B
A ER R LT AR R A A A R E L A A A A A T A N A A A E ] AR A E A R A A e e L T I I T T R D T T o T T o e T
AR AR R R L A A A A A R R E L R R R R R A A A A R A E E R A E L R A A A A A e e ] - L] EE T N T T T T N L N R o S
L] AR EEE LA R T R R R R R ] L ERA R A E A EE E R E R R e n \. L G T R R D D R L R I T I I R B R R R R
" e - ) 4 * At e e e e N e e e e e T T e e e e e R T T R e e R i
- 4k R . I I R I N e T T T T e N I
L] "an I EERN W+ + + + 4+ + F+d vt t ARttt v hch bt chor b bttt At A A+
1 Eu N LN LT I I I I R I N N T I e e o o T
~ L R - L IEE I I B I T I T T R R 3 B T i e R
- - * u N R ' I N I I T T e B T
1 4+ % LR - L T I I N N N R R N N N N N
- - LI LR . L I R R I s I N T e e S N ik
L] 4+ 4 b EEE K] B4+ + +4+ + + ++4 +++ 4+ ++h-htt bttt h bt Attt A AR b+
" - e T N N N N N N N N N N N N e e e N N N N N e N e N N N N N N M N N N N N N N R N
Y + 4+ + 4k ' L I T A I I I I T L T T T T T I T T L
L] 1 - IR ] ' I N T L R e N S ) LT I T R I I A
~ FE ] -+ 4 + 4+ h+ [ Y = L T T T T i i i e T i i e R B R R N N
R E R AR R T A A A R R T A A A A A R E - LN EEEEEEEEENR LI N o T o o e T e N
A b % % W WA R W W W R EE W WA EW Edchhod -+ + ok h o+ Bk EEEIN L T T R e I I T o R R N R
A EE R R L A E R E R A R R + + + 4+ ] n L T R I I I I I T e e A R e
TMEE R AR A A AR E R A A R L A R A EE ] LK + 4k + LR I I N I R T I T e
T L T L LN L L L L T T L L N T L I I T L B I e e T e e e e T L e LI
- - 5 L I K] - - L I I I T e 0 i e I e e i i N S F + + + + A+
LI ] 4+ 4 - L * L T T R N e I I I R N I R i
- - 4 ko L o I I I e S T T I A B
L] 1 - 4+ 4+ - - LI T T I T I B O T I e o e T I e
- - L N T R I T I I e o T R T
Y 14 L L) - - I T N T I e R B I T et o e B N
[ L I N I I T R T I o T O o e i N
1 a L R R o I I I I T e T S
- L e T I e e B I A N
n e S N N N N N N I N I S S atata T e a a e e ata e e e T A a T
] L I T T T T T I T S A A T
] & AT R N I N T T R I T T I
1 LR I e R
~ [ Y S I I R N D R I R L I I N I I I N R I O N
- EE I N o T T T
1 L Y E I I T N e N N T I T T I R N T N
1 - L R N N O B R N
L] L | L T R e I I T I I T
[ LI S T R T N R O N R R T N T S T S A A A e e A T N
- - D R I e e T e T e e e i i e e i il el i
L LI N I T T T T T o o T
LY 1 EE R N I T I T T I T I T T I B e N Nk
- L T T T T o I R T T T I I A R
1 ] I T T I o R T T I I I o R
1 LI N N T T I T R R R e A N
Y ] I T I o e O I e e R e B R
[ L N T T T T T T I T T e o O T o B O
] ] E I T T R R T I I T I T I N T o
- S N N N N N N N I N N N N T S S S T S S
1 ] - T T T T T T T I O I N I
] + 4 4 v A A F F ok F I I I T I T D e e I A R A
Y [ - EE R EE T I T T I T T I R N T
1 | ] I N N e O O
1 | - E R N T I I N R I I I R T T I I R L e N S
] [ I N T I T I R e T T e
1 R I T I T R e N T T R I N S N N
- [ - L I I I R I T I R B T O e A
Y [ Y R T R T I R I N B R R R R R R I R R
- "R . L N N N N N N N N N N N N R N N N N O N O e N N N M N N N N N M N N e e N e e
4 W T R R W TRk ER A R N NN RN R L I R B I I I R I T A I T R R T T A
4 % % % % W WE Wk kLY EEEER EE % NN BE R R . LB I R o o T R I N T T e O T e o
T k% % B YR R R Y YEEEEEE B k% B %W EE NN T I N R I I R I I R O T e I R e I R R e R D e N N N
TN A W % Y B EEE W EEEEER ] AR e O o R R I O T T i A R A
"k R AR AR " AR kL EER W E E k%% kEWEN L T I T I T R T e I T T T e T 0 Ok
A E R R A R LA R AR A ] IBELRERE | | LI N N T T T T T T e R O e A
~ Y L [ Y L I e I I T T I T i i R R N N
[ - - ' N T T T T e T I e e e e e T A O I
LY L . * L e I e I e T I e e L T D T L A I L L L L I L N E R I L L N
L 1 ' R N N N S N
- [ I I N I I S A I N
~ ] LI I T T I I O T R I I o T T o e
1 | ] L L T I R T I N I R I T R
~ Y LI T I I I T O R S R R i T S i T R e e
- L T N T e o o N I T N N
L 1 n E R I T T R N I R I
- B %4 4+ 4+ 4+ + 4+ + F 4+ + 4+ 4+ 4+ h A+t b FFFFF -t FF At AR EEFFEor At
= -~ AN N N N M N N e e N M M M N M M N M e N N N O e e '
1 ] 1 ] LR IR EEERE T N EIEIE I I B NE B A T+ttt *
Y ] - I T T e I e I I T i T e R e
E %k kB EE %S kL ELEEEEELEN - AR EEEEEE R I T I ek + o+ b+t o+
T k% % W YA R WY EEEEEEN m_\ R I T T N + Tkttt t A F FEFEFF AT +
T A% % U Y % Bk kEEEEEEN L T I T R T I T e e e e e R i e e e B T
" k% % % WA R EELEENEEN LI I T T I I T I I T R I I T R kI
T % % %Yy BE Y E kK EEEEREE LR N R T I N N N
TR % % W U AR WY EWEEEEN I I T T T T e e i e T i e
4 %% 4 B h b B B ETEN T T T IO T T T e T T T T T e T S R S I R R T R R R R R N
- i i e i i i e e e R it e et
- ] T R e e EE N T T o o e T e e + 4+t F
] L N N N T N I I T R e T D R R I N
- ] L T N T T I T T T e e e i e e T I
Y LY ERE I T T T I T I o N I N N N N N N
1 IR R R E R N R R T R N N R N S
Y I I G T e I e T T I R i o I I R D I N I R
- L T R I T e N N I
1 N I T T R B R I D LRI L k) E D
- B T T T L T T L T T L L T T T T T T T L L L L L L L L L L T T T L T LT L YL
1 T T T E I S S L T U TP L
1 L T I R I T R N T + F +t F F F ET F F R At F
Y I I I S o o T B R
] DR R R N N L N + 4+ hd T At T F
] L I I T T I T I T I I e e e N
] L I T I T e T e e e e e e T o N
| DB T T I I e I I T I T ok e B T R N N
L T I I L I I I N o T N R S D S
] LI T T T e T T R i T I T T S T Tt R N
- I N I P I R e i e e e e e e e - et e e e i ]
Y L I I I e T I T I
] L I I T T I T o T I T T o T o N
1 N R E R N N N
- LR I I I I B B T I N N N I I
] LI I I I T I I N T T R
1 L T I I I N R A T N ok ok ok bk k kk k kR otk ok F
] L I T T I B B R I T B T e N I R e B I T T
] + + 4 4k + EE I I T e e o
) SaTa i h L, T R T R A R R Y
] T T I o o T I T R I T o T i e T e e R
1 I N N N N R I T T e e o o o N D
Y L T I I I T R e e T T o i N
[ R o T T R R R I I N N N I + 4+ + + F N N N R
] RN T I I D N e T
- LI + 4k + F A+ b bk b b A bR b kT b b b+ F R L T
1 L L I T T o R I R R T i T T e e Ok
1 LI R R e R e e R R R R R R R R N R R R R R R R R R R R I N R R RN R R N
. = B N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N e N e N O N R N N
AR W % W EE R Y WA R E R W L T T N T N I I I I I I I I I I R I I I I R R N O D
A EEE R A EE T R A A R ] LI T I I I I D e T R T T R A
E R U U R EE Y YW AN E % %ok - L T R I I I T e I T
B bk % % % B E W W E YW E Y chN LR N o T e I I I R R e S
IR E TR RN ] IR + 4 1+ + + I e i e S e
Y - ] E I N R I R T I I I I T N N T R I T N N
- 1 o+ I T o N e N S S
Y - L ] L I R I B e I R N T i N i N B N N
LY h "an"a" ettt e e e e e e N e e e T T R e e e e e e R T R e e R e T
-k [ + + + + + + I I I R i i e e i o N
1 L] kN LI I I A I T R N N N T R N N
- B E L I T I T N T R o T R T N I N N N N S S
~ Y mm L I N T e T T I T T T I o N N
[ B kR I I I I N N I T B o D O O
LY 1 NN L T T N T I R I T R I R R D T R 0 N Ok
] [ ] 4+ + 4 - L I L R I I I e o T T e et T
] - E NN L+ + + 44 + 4 v+ hd v+ hd+ F A F e F ot At Rt F A A E A At
A . - e A m P e S e e e N B e N N N N N N N N N N N N e N N N N N N N N N N N e N N N N N N e e e
4 B % % % k% Bk E kR EEEENEEETY AR "y mm L T T R I T I R I T I R I R I N N N R R N N I
IR EREREEREL R R R R R Eh hE N EE 4 4% %k kNN . L I I T T I T T I S
4 F 4 4 4 4 4 % % B Bk N N N EE N K EINEYELEEENEN I T T N i T e R I i e e B B S N
EEEREEEL R R RN EE NN R LN E kN L% ENENN T I T T I I I I T I T T e e N T
4k + 4 44 4 4 %" YA EEEEEENER T EARAEREE RN R R R E N N R
I EEEEEEEEER TR R A E N NN N R YN EWEE L I I B T T T T T s e T T e S N I e
4 b 4 4k hh ko h ko chch BNk EE NN ETEEENEEIEE%R I I I R I I R T R I I I T o R e N T N
4 d F ¢ h ch ok ch ok k1% " % BN EE N EEENEEEEREEE ' I T R I I R T o T I R I R e
¥ 4 + 4 4 4 % 4+ 4% " BN EEEIER "N EE T I T T i T i T S i i e i i T T T i S I
- - - - - T T o rrrrA T rTTTTTTITTIT YT T YT TAARTA AT T YT FPT YT T A TS TR T
IR EREREEERERR] ] L N R I R I R N N N I N N N N R N N N N N
L] ] L I T T R I e i o e e e S e e e e I
I I R I R R I I I N N N N N N N N N N
L] - I I T A R N T R o N I R A T N N R N N N T N I
LI N I I B R i e T e o N
L EE I D I T I I I T R o o o T T e o o O k)
R N R R T R R R R I T R T O R T R I R D e R N N
- - IR L T T I e e e i N
. T T T T T T T T T T e o
- n T L I i R A A T N A A A A I
I R I I I I R T I I I e R e N N N
IR REEXER] I I T T I T I R I
IEEEEIEEREER] LK I I T I I I s I R T e T T e S T R e
IEEEREER] L EIE I I T o T I I e T
I EEREEREREEREER] L I I I R T T N N N R e e e
R I - - + 4+ EE I I I I I L I I I T R i e e i e R
+ 4 ch ch +h h % % I BN E N LN kR EEE% % hF ottt btk . LI N R I I I I N R e I N R e N N
¢ d h h b F kW RN RN E RN EEENEEYF -k b * | ] L R A Fow % & F ok b d ok kb kb ok bk ok kv ok ok ok ok F ok h kv ch kb bk k d w ok ko
- - mm - e I S B B S N i T et e - e e e i R et
] I T T I I I I T o T I T R L e N I S
LI R R N N N N N S
E I LI ok h kot A L T T T e e e R
IEERRR] LR R I I N N N B I D T T L D
LI D L R B I I T L e R O LI I R N N e e e D
ERE L e e | L R e e B R e N A
LI LI T D I R I I T T R T I I R e
. L L R T I T T T A T I E e L L A AL S L L L S L T AL L T L I L S S L S LI N S It
L T T T e Tt T D It e e e et o T et et e e e e
[ EE I I I T ] R I I R i e e o e T i i i S
N T T + 4 I I T R T T o B I N e N
| ] LR ) I R R N N e e L e e N N T
R I N R e T R T N A I L N N N N B N B
] R I I N I I I I I I I T o e o D O
LI T T I R D I R R R e
] . EIE I D I L] EIE I I I I
+ PR N I T R R L R R R R R LT T R R R R R R
] ' - e ' . . v R N N N R N
IEEEEEEEEEERE AR RN R T T I N T I T I R e B I e T I T A T I I R I R S
R ] B EE L LN I I T I L T T T R R
I EEEEEEEEE R A RN L T R N o N O B I I I I R o B I T D R N e Sk
+ 4+ -k h ok kAW Y L N T T e i o
I EEERERE L] L I N N T T o B I T R I I T T i T e i e e o Ok
4 k-t h t+ 4 1 LI | ] I T N T N N I S S + F + t F Ak Rt F Eor bt bttt
NI ] LR I I R I T R I R R S T G e T T R
- + k4 [ %+ L] L T T I I I T o R I T R R R T T e R N N N
+ . PRI L LI . LR L I I I e N R A e T N I DL A D L D D DL L e St D N TR L T D L B E N N e
- 4+ %" B B R I EREERNEE L T N N T I I I R R e
- - - L - - O T R T L S G B R
+ Y L R T N N T I o o B I e I T T T T i D I R
IR ] 1 I L I T R R N T e
+ o+ ko Y L L ) L I T I I I R R I I B I Bk
+ - - T - L I T T T I e N I I N
4 ko - 1 RN R R N N T I T I R D I R e e e
+ 4+ o4 - 4 kN I T T T T e T i i e e
P = " N e a e e e T T T L L T T L T T L L L T L L T T T T L L T T T T T T T T T T
+ + k1 B HE kR R 1Y L T T T T T T T T T T T e e e e I T T O O
I EEERE R RN Y] T T T e B I T T I I o T S e e T B
IEEERA AR TN - I T I I T e e o e e N
IR REERE TN L] R N N T T T B I e I I I T T T o T D T e D O
4 4 4+ 1 % BN N R R Y I I R T e e e i e e I e e I o B
IEEEER AR R Y] EE I T I I o I I i o e I R T T e T e R e Ok
IR RN N I N N T N T R e B I I R D I R O R
IEEEERERRE R L] LI T I T R I B I i T T Rk
4 4 4 4 4 B BB R ] T R S T O R R R R A R S S S T T T I N R A N R A
E i et S i - S S N et e e e i R i et i i PN S S S BN S e .
LSEE L ] - EE T R I I o I T T T
- * + N ] LR e L I T e e I N L N N L N S
-+ + - - + LIEE | L T R R T S I e N R N I I N N
.+ Y - P PR N I N R T I T + 4 T bk F A FF o ET ¥+
IR ] 1 LRI IEER N R L T N o I A T I R N S S
A+ h ok wW LI I I I I I L R I I T I N T e T e o ik
R ERR I EEEREEEEERERE) T T T R I e e e R S + o+ T b b ARtk F
IR RN IR R RN I N R I R N N T R N N I I I N R N R e I D
a et  a Ta u  s a e et ata M a N a T L L L L T L T T T L T T Tl T L T
ALK I EEEREREERERLERER] . ' T I I N A A R R NN TR N R L E E R EE E E E A E E )
LR IR EEREEEERER] . L T T T R N R N T N N N N R N N N
I Y LR I I I i L T I i I T e i o T i e e T N N
LI R EERE R I N I R I R T A R N N N R N N N T O
L3RI I EEEE R S N N T o T I I I T I R R D I e N N Ok
ESE I I ] L T T e T R I B I T B N
A A AR A EEEEER N ] LI LR I L I B I N N R N T N N N N I I R N N LR k)
T Y R E Y YRR + 4+t h hw LI IR R LB I L N N N N N N T T o e e R T I N A I
4k LI T I I R | » R EEERE T RN R e T e e I I R R R R R N
. L S S N - L 2 Lo S R A N N A N N R e N M M M N M M M M M N M N N e N N M N N N N N N N e
LI R “ . LY LR I T I N I I I I I B T i I I T I I T T N E E I E NE T T A
. + 4+ W+ + [ ] A+ + L N N N I N T T o e e o T I e
4k LN 1 * LR N N T N N A I I R
4 kvt Aok " T e m T R I R B S I T i S I I I R O
L ] "N kR ERE R T N o e
T+ LI " E RN ] LR I T T R
- L I I I i LY L I R I N R I S N R R e
B 4k h + + o+ AR EE T N I I T e T T R T R o S
R R T Y MYy AT R R R A R e A R o
A EEE EEEE XN AN L N N R T T o T T O T T T 0 O
IR EEEEEREEREENER] EE kR LI T R R R D I N L I T T L T R
L I e RN I I T o T e
IR AEREEEEEEERE K] E kWA L I N I R o R I T R o R T o I e e N
L] LT R T I B T I N N N N N N N
ok EE N B S T Y B R T I R R R R R A
AEEREEEEE R E R T L K] - B I N R N R N N .
- ++ hh At T T F kA h t 4 I EEREREEERE LR 4 F +t F + h kRt F R At F T F + 4 + + + + + F o+ + 4ot + F -+ + F t tE FFF T AT H
. AT O N AT . ' B G s e e e e T T e e T e T T T T T T T T T e T T T T T T
A EEEE R E R E R R R E R A R A E EE E A E R ] I EREREREALNEERN] L I I I I T R I T I I I I I I I I I R R I I T D
I EE R EEE A E R R EE E EEE T T R L] B O N I I i I i o e R N i N I N T N
EEREEE R R EEEE E R E L E EE R E LI I R R I T O I R T o e I T N i
R EREEEEREEEEE EEEE EE XA A E R E R L R R T N R T R N R O T N N
B I e e I I N N I N N S I N I I I T T R R R e I R I A A
I EEREEE E EEE E L E R N E N E IR - EE I R R R T T R I I EE N N T T I N T + 4+
- - [ RN EEE R E I E A EEE R R LI | N N N N LR E R D N L S R )
4 b v h kWt ok Bk h kW 4+ o+ + + hd kT F o+ hchhh ok ko - LR B k% BN N N % FF + 4 % kNN N NN k&N NN EEENENE N LN E NN LN NN NE 4 ko Fdor okt bk F b = F b btk ch F kot kA F tdF Ttk kT kb h kT b bkt h ko Ed h Ak h ok F A+

Figure 2



U.S. Patent Oct. 7, 2008 Sheet 4 of 10 US 7,432,707 B1

Original Image Histogram

1000
900
300
700
600
500
400 -
300 -
200
100

# of Occurrances

0 1000 2000 3000 4000 5000

Intensity Value

Figure 3



U.S. Patent Oct. 7, 2008 Sheet 5 of 10 US 7.432.,707 B1

1_.|"-r1| -
T
o

= &k F
+ +
Tr rr
1 + = + F & & 4 4

+ + + 4

+ - +

.
1 +
1 + = & F

r
i+
[ ]
1
a
a4 a4 a

*
.
-
'
]
"
]
M
-I. .
AN AR R

'I-'I-I'I-i‘lll-"l-'l-l-l'l-'l-.j'i

* w1+ = +
a -
]

"
HEF FFEFERJdFr PP ST

LN
i-'-r'r'-r'-r“i‘+'1 1

[ [ R
m+ b d dhdd - k7 on
- 1 +

-
+ + =
4
'
1 4 & & ¢+

a
44

-
- 1
L B |

1

LA}
+ a

-

.

L]
L ]
r
L]

d
+
L

= a2 a

-

+*
+
s
T

[

+
L]
B+ - &% F ror
L]
+
-
r

i

+ + + ¥ + 4

+ &+ F
14 +
4 4 & 4

L

" oa
+ 4+ 4 + - &

* =

- h T -+

+

-

r
a
r
F
-
F
[ ]
F
LI |
.
1

e rar
L
*
*
a
dFrd
+ + +
4+ -
T a
* 1
- .
+ 4
I"I-ll'l-
+ + 4 4
il"il'l-l'l-
+ +
LK
-

P
r
L

i o+ F AP

+"'+‘-F"
L]

ey s e m

+ 4+ -
T T,
-
+ 4 % =+ F rr +r ++ 4
At .

+
+

4
-
4
[
+
-
+
L]
+
4
4
1

+
*,
L]

-
ii
L]

-
“u
L]

+
.
*
)
+
i
B
*
“m
N
+
hy

|
L]

-
d

*

L
o+
r r
L
. L
4 & & & d F

Ll
-

-

T 1T - - r T

L *Fr rr 1T ar -
4+ 4d T =TT rTr T
T1 TT AT TT NN

i-"i-lli-'

+ r &
L N

4 . a
L

Ll +

d
4
a
a4

"i“i"'
+ ¥

'

1 4 + &

F
A A E kR

-
Pty LY PRI S
L) .
“.-..‘-‘.‘.‘. nmor ot h o
. Y
[ ] "'l'.
A M
. wa

[ [ .
=+ % + + + + + + 4
=+ + ++ T v+ 1

LRGSR B

=k ko

e
M M SN

.I.. [ i._l. ...I.._-;-I..‘

*Fd k444
+

F ok o+ dd

4
'
4
LI B K )
== 1




US 7,432,707 B1

Sheet 6 of 10

Oct. 7, 2008

U.S. Patent

Uniform Histogram Equalized Image

1000

S9OUR.LINDDQ) JO #

2000 3000 4000 5000

1000

Intensity Value

Figure 5




[ R N N R N NN N NN RN BN RN NN R NN NN N NN N NN SN NN RN NN NN R NN RN NN N NN NN N NN RN NN RN NN RN NN NN RN NN N NN RN RN NN RN NN NN RN NN N R RN N NN RN NN RN NN N NN RN NN RN NN NN NN RN NN RN NN

iII ltlinlllnllltllltill-lil-lil-llimlll-—lll-l
" F

US 7,432,707 B1

S xr o rrraarrax - - F - - - - r - F i T i i
LA L L)
8 F R FAFFdFPFR d f F F d FF PSRN
=

- P R R Tl Bl

= rk .—..—_ d I..—..—..—.l-il-l‘ilmllil II- a Ill T,
s F P4+ d £ dd B SR l.-u- HFd A AP - P+ F - k===
. =~ FFF+FTFLLI llll d F FA NI JdEEERAd+TT
| = a

...._....._..-i-l._ l.l“H.-l.- l .l-l-l--“-U-.-E-.“-“-.U-...Enl.-n-...l.ni.-. ..-... ....
1.-h.hr-hh””"”H_.._...“.nq....H-l-.ll” ay el .-.- . - . e “ - ” P .....Hunun.”-qf...n. N . \lll..-.H-H.-H.-”.-H-H.Hi”iu.-n."l"

.1.|_.1—...11—.L++.-.1.1.1‘I-Iﬂl-.
llllllllllllllllllllll -
re b - FF+ F+FFF4dFran
r o FFF o+ F+ =& 4884 Ill
e rorr a a
rr F I + 4+ + -4 F7da4 080
T aT |111.1—..11—..1-.-..—.—..—..1.-..—.-_.1‘1--.-.
| 111.—..1.'—..1.1‘1:.

r
- e e b
B L L N A
For ko= 4

L AL
LAY

LALLM N R
- = mem S www

e A
L o I\‘\\ +r -|.|1.1+....-.
I ..iﬂ.x 7

o

R

v
e e
., ") ") ‘-
-

l: "
w,
"
u
I EEE 1T EEET
- momm -

___\-. m . -

.hmauh.ﬁ " \ o .._._._____\m. 7 . .
i x§ wahﬁuﬁﬁ 7% \n\ﬁ ..... &
B g %%ﬁﬁmﬁxuux\x\”\“\\%\%
s QR .\\\ e i ...”W\.ﬁ\m..i 77 %ﬂln&.&
. e ; - e . ! w al o -“ o s ..ll"_l._-.".. S u
e e ; 7 Z “%Emﬁmwwmm

- " T TTUrr g g e W m N s m m om ey
L RN . s e e
) -

7 mh B AT

Sheet 7 of 10

L § ||
NN kNN %k

Illlll.“ll“””-”““”"‘”‘g- r

. II -.l l"l-l.-

] .l.-.......-.-.l“-..- . .l-n.-.-l-."l"u“
T A wEaar aaeaa raenaaeaaaa e a e a 4 l.‘.__

...... R
\I\ | ] " a " -." l" ] " I““ -.I.l“_\-_““‘““-_ll"_l.
w A ll. i’ l.l ]
A

| 4 l-._- II. ll“-_l - -_l__\I“.“_. ll -_1 .-.-.l
’, \“____.. 1.111!;!1"”-.“_.__.. . -n.l

w o
| g -.1.
s e
A
e l-...-.nlu.._u.l o
] .l.n\“-_“-_ . l.l-. .
) M r .qll-_l-l "'
] ll.-.‘ll.l-ll-_
u ) e lll-_ll-_l.-ll-__- ., .-l.-.-.l
.l i Froogne II o a

Oct. 7, 2008

Il.-l

Py e e

o

-l.l- .ll.-.l.ni.“ ‘.l‘. L] -.- . a 1

L
-_...-___. S e

O L .

i oo w e 11. ] l-. II. -_I L II. l.l "_I““..".IMH_HH-“I!I-I.!!I Il. -.!"l“-. ll-.l-.! IH I.I. .-.! l-“l I.U

”.._mﬁmﬁﬁﬁmﬁww 1...&‘. . . S A :

lll__“l" H lll ll-.“.l.". -1. l.“lll. u ll l“. J " -. i ' . -.l- l- “ .!l."l" l.-l.“.-.l-.ll".l"l.l.-.".l."l l.l- -

iy s e
Pl | | ! l- L . o - - - mm - L] ”U“" - 3 ]

¥ l.\.‘.".l.l.-.”.l_- ”_l.”n-. Ill .I.-l--!I ’ s J
\H oy " h\_\-. .

Frmem N RO

L= -
.I.-I-.

Fa a8 dm
s 4 mEm Fpuprj
= mr N

W E kLN N Rk
- .,

L] I- | :..l":.

s

R

“ " "l [} ' ; II o i \n\. Im-Mmm“m“.WNWMW“m““ h. I\\ \ ) “l l“ .l-. .-ll-l ”"-" " " h . 3 “ ’ L - . v : " l.“ ”l.- , ! L m“" l“.-.-l”

”-_L"l.l-_llm- ."U.l-_“H l““ ll.m-_.-.l.-” ”"".w.".."\.._.‘._. . g ‘ oy o -“ . . "aT . i r ) . - . ] ’ ' L e - ; - -l “ ] . .- oy .
e uuamham__mxa..m\\\\ 7 .\\\ \ s e AR et S
2 e i
4 o ..l.r.Lul-u_".ul"r“r“”-“-.“.._u.____..m-ﬂ.-.\. -\u._\m____ . ) t..u____..-_.__. lqu“u-. ’ o m_..-“_... .

i o ¢/ e e
\‘..\‘W um r L - R\h ....a_. o o Mw‘mﬂ.m_m..m‘.n_“u._w‘_...m“”..“._.uﬁ.m.
e e e o i e i s e : e e e e A e

U.S. Patent

Figure 6



U.S. Patent Oct. 7, 2008 Sheet 8 of 10 US 7.432.,707 B1

Image Transformed by Proposed Method

1200

1000

800 |

600

# of Occurrances

0 1000 2000 3000 4000 5000

Intensity Values

Figure 7



. Patent ct. 7, 2008 Sheet 9 of 10 US 7.432.707 B1

= h 4 44"y bk h"EEEI I EEE H E B N I N EE &N EEER
LA

Wl

T
FE
T T e AT T T e T
R I R N R
B T i i Py
AT e T T e e e
A N N
Pl el

) ) . .:--r;-lll-l-“‘ *'. X L A I I HE NN NN KRR

n ::"‘-."‘l.:u.."t"t
SR \\ R
Py

‘-I.l‘- M )
-\_-:&\ %%" \
RN R
\\ \ o o~ ::}?%:13' :
X "“%%%3&55:‘:‘
\‘ 3 :&-‘:-r-w:r-:- R e

LR

L B |

-{}
e
o
S
A

#A PP S FFLFFFFFFILIFFFFFFILI

Fd A FFFF P

L

-

IR

e ko

h ok oA ok & d
4

F+ %+ + + 4

= -

F+ %+ + + 1

+ +

-
-
n
n
n
.
=
=
-
.
.
.
-
. My
=
L] + K-
= ' '
L] E NN s I EEEN + K
' - - -
. .‘-‘. - . + K4
- <
'|.~'|. - . L]
i 3 : : ,
- . .
. \".. - - e *
+ ™ A R A A A R R L] +
. -_H ey = = e .
- r T T ' X - -
1:-:r:+:+:+ +4 -: :1-:: L. I._‘. -"'! ".'::E-‘-‘I " . :
E I R I ) + " NN L
T T T T, '
P N | * * 4 ) 'y . L
i wa e e A=
A = k4 kA - R L . .
e e i a = e e, . . . -
RO shatatytoh L +
PR L LA, = =
D NN *
SR AL TG = s '
NN ] P R ] Ny +
AT T - T, R - - .
AT T AT + FIRT T A o) . L
aTalaT T - alarat TR a
A T e AR E RN nm . L
A = k4 kA -k EEEE R L Y . .
e e e T e e e e e e e e e . . T
Tttt R R e e N Y, L +
A T T T T L T L T T T LT LT w, = = at
D N NN R N I T i Ny )
R N N N N N N M I O w, = s ST
P I I A AU I T I I I A X ) Ny L N U L e .+
T T TR b b A b A T = : o+
SN A Lt I B L A M o) . L -
A T A e T e S e T e ) .
A = kb bk kA = bk bk kA =k ko L Y NNk kk kR
AT TR A e E kb wn . ® :
A - N S N L 4 1
ST T TATAT LTV L LA, w, =
R Ny NN NNk RNk kR Rk k - 1.
AL TG - w, = T
N - :.'q_‘ - I 4
"': :': = u 1 I_-‘:_‘.:.l_‘:_‘:_q. n " -i:-i:-i"-i:i:-l:-| |++:+'++1
- A IR AR AR "
P T e e e W) v
. "'."':"‘-.":""-l"'-."':"':‘-
M . [
. ) . oy
W “u . .
o “u I_-‘. - .
n i . o
% " I_-‘:. . v
. . .
. . [
L :."l:‘lH -~ [ L -7
-t . '-._. - - St
. . +
- = e AT,
. I RN NN NNk kR EE R Ak .
"\ » -'l...'l " - ) Tl
. - 1 . L -
PR
n . . ]
- '~ ' '
Pk kRN L IENEEN m E NN [N 4
- » .-.'l [ L -
" I_-‘:. T
= = ataTe
AR '\-‘ N NN NN bk kR EEEE N bR LS
- ‘x-‘H L] + + +
P -
e "a ) b Pt
. PR
+4 Nk k%% E R kLN EEEN - -
4 - + 4
- -
" ataTe
v
-

kol

+

Y]
F+ 4+ + + 4

*
+ 4

F+ + + + 4

L A B
F
F

+'I'_|'I' +

E I I EEFFERFFFFFFILPF
FFFFFFFIRFFFFFFIR/

-
H E EE NN NEEEEE N

F++1+ + +

F
F+ + + + +4

-
n

+ 4 4 u +

v '
+ 4 4 u +
L - . LT
+ 7+ - . P
+ + LI o+ +
v e s I '
+ + - + +
'-I-.'i - " - l“l- +
. - n S, n - . .
LI | 4+ %" %Y s b " EEEI LK LEEEESR L] LI LB I B I NI AR -

e ' . - LT T

't - " "-_. "-_. . - .
't % o I_-‘:. . L

a - =

4 & - L ] L]
i - - s
sy n -"'-"-_. -.Nl. - n

4 4 - l-'l ] ..I

Figure &



US 7,432,707 B1

SjoAa ADug sjone ApJ9
abow| padalI0) ALIPOW
096
10]93A
590 CCh M 91ndwion iq

Sjusidl}je0))
UOISIaAl] uonojod.ayu]
— XUJDN
S GY6
,_w 10}I9A XIJJDW sSuoijoun SUO1}D207
7 066 Z 9ndwo) Ov6 q 9yndwo) pLS 1ax1d abow
o - CCH $
= 06
-~ S|aAS] X
. S ko1 Aypoiy
O GCb
UOI}DUIIOSUD. | woJbo)sIH sjone] Apug
026 aindwo) 9)DJauRY abow)| |puIbuQ
\ NI 0l6 GO6
006 GLb paIj10ads

U.S. Patent



US 7,432,707 Bl

1

MAGNETIC RESONANCE IMAGING WITH
CORRECTED INTENSITY
INHOMOGENEITY

This application 1s a Continuation application and claims

the benefit of U.S. patent application Ser. No. 11/452,4135
filed Jun. 14, 2006 now abandoned, the contents of which are

incorporated herein by reference.

BACKGROUND OF THE PRESENT INVENTION

1. Technical Field

The technical field generally relates to magnetic resonance
imaging and more specifically to a method for improving the
image contrast of a magnetic resonance 1maging apparatus.

2. Background

Magnetic resonance imaging (MRI), also called nuclear
magnetic resonance 1maging (NMR 1maging), 1s a non-de-
structive method for the analysis of materials and 1s used
extensively in medical imaging. It 1s generally non-invasive
and does not 1mvolve 1onizing radiation. In general terms,
nuclear magnetic moments are excited at specific spin pre-
cession Irequencies, which are proportional to an external
main magnetic field. The radio frequency (RF) signals result-
ing irom the precession of these spins are collected using
receiver coils. By mampulating the magnetic fields, an array
of signals 1s provided representing different regions of the
volume under study. These signals are combined to produce a
volumetric image which depends on the T1 and 12 values as
well as the spin density.

In MRI, a body 1s subjected to a constant main magnetic
field. Another magnetic field, 1n the form of electromagnetic
RF pulses, 1s applied orthogonally to the constant magnetic
field. The RF pulses have a particular frequency thatis chosen
to aflect particular nucle1, typically hydrogen, in the body.
The RF pulses excite the nuclel, increasing the energy state of
the nucle1. After the pulse, the nucler relax and release RFE
emissions, corresponding to the RF pulses, which are mea-
sured and processed into 1mages for display.

When hydrogen nuclei relax, the frequency that they trans-
mit 1s positively correlated with the strength of the magnetic
field surrounding them. For example, a magnetic field gradi-
ent along the z-axis, called the *““slice select gradient,” 1s set up
when the RF pulse 1s applied, and 1s shut off when the RF
pulse 1s turned off. This gradient causes the hydrogen nuclei
at the high end of the gradient, where the magnetic field 1s
stronger, to precess at a high frequency, and those at the low
end, where the magnetic field 1s weaker, to precess at a lower
frequency. When the RF pulse 1n a narrow band 1s applied,
only those nucle1 which precess at that particular frequency
will be tilted, to later relax and emit a radio transmaission. That
1s, the nucle1 “resonate” to that particular frequency. For
example, 1f the magnetic gradient caused hydrogen nuclei to
precess at rates from about 10.0 MHz at the low end of the
gradient to about 10.05 MHz at the high end, and the gradient
were set up such that the high end was located at the patient’s
head and the low end at the patient’s feet, then a 10.0 MHzRF
pulse would excite the hydrogen nuclei 1n a slice near the feet,
and a 10.05 MHz pulse would excite the hydrogen nucle1 1n a
slice near the head. When a single “slice” along the z-axis 1s
selected, only the protons in this slice are excited by the
specific RF pulse to a higher energy level, to later relax to a
lower energy level and emit a radio frequency signal.

The second dimension of the image 1s extracted with the
help of a phase-encoding gradient. Immediately after the RF
pulse ceases, all of the nuclei in the activated higher energy
level slice are 1in phase. Left to their own devices, these
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vectors would relax. In MRI, however, the phase-encoding
gradient, in the y-dimension, i1s briefly applied in order to
cause the magnetic vectors of nuclei along different portions
of the gradient to have a different phase advance. Typically,
the sequence of pulses 1s repeated to collect all the data
necessary to produce an image. As the sequence of pulses 1s
repeated, the strength of the phase-encoding gradient 1s
stepped spirally, linearly, or 1n another fashion, as the number
of repetitions progresses. That 1s, the phase-encoding gradi-
ent may be evenly incremented, where the distance between
steps 1s constant, after each repetition. The number of repeti-
tions of the pulse sequence 1s determined by the type of image
desired and can be any integer, typically from 128 to 1024,
although additional phase encoding steps are utilized 1n spe-
cialized 1imaging sequences.

After the RF pulse, slice select gradient, and phase-encod-
ing gradient have been turned off, the MRI imnstrument sets up
a third magnetic field gradient, along the x-axis, called the
“frequency encoding gradient” or “read-out gradient.” This
gradient causes the relaxing protons to diflerentially precess,
so that the nuclei near the lower end of the gradient begin to
precess at a fast rate, and those at the higher end precess at a
faster rate. Thus, when these nuclei relax, the fastest ones. 1.e.,
those which were at the high end of the gradient, will emait the
highest frequency RF signals. The frequency encoding gra-
dient 1s applied only when the RF signals are to be measured.

While the z-axis was used as the slice-select axis 1n the
above example, similarly, either the x-axis or y-axis may be
set up as the slice-select axis depending upon the desired
image orientation and the anatomical structure of the object
ol interest being scanned. For example, when a patient 1s
laying supine 1n the main magnetic field, the x-axis 1s utilized
as the slice-select axis to acquire sagittal images, and the
y-axis 1s utilized as the slice-select axis to acquire coronal
images. When the area of interest 1s at an angle to these three
planes, different axes may be used to produce oblique 1mag-
ing. The gradient axes, X, y, and z, may be chosen at an angle
to the orthogonal planes by applying a function, usually sine
or cosine, to the y and z axes.

Regardless of the orientation of the selected scan, math-
ematically, the slice select gradient, phase-encoding gradient,
and read-out gradient are orthogonal. The result of the MRI
scan 1n the true domain representation k-space 1s converted to
image display data after a 2D or 3D Fast Fourier transform
(FFT). Generally, 1n a transverse slice, the readout gradient 1s
related to the k, axis and the phase-encoding gradient 1s
related to the k axis. In 3D MRI, an additional phase-encod-
ing gradient 1s related to the k_ axis to acquire data 1n a third
dimension. When the number of phase-encoding levels is
smaller than a binary number, the missing data may be filled
with zeros to complete the k-space so that an FFT algorithm
can be applied.

In k-space, data 1s arranged in an inhomogeneous distribu-
tion such that the data at the center of a k-space map contains
low frequency spatial data, that is, the general spatial shape of
an object being scanned. The data at the edges of the k-space
map contains high frequency spatial data including the spatial
edges and details of the object.

The problems associated with MRI image intensity 1inho-
mogeneity are well known. Images that exhibit this phenom-
enon show gradual, low frequency spatial variation in tissue
class intensity. The sources of the problem include recerver
coil, transmitter coil and magnetic field variations, uncom-
pensated eddy currents, and patient positioning. Display pre-
sentation and automatic computer analysis, including tissue
segmentation and classification, become problematic with
such 1mages.
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The recerver coil may be the primary contributor to inten-
sity variations. The spatial variation of the coil field produces
images that have strong signal intensities near the coil surface
and decreased intensity distant from the coil. Both conven-
tional circumierential coils and, particularly, surface coil
arrays may exhibit this problem. Additionally, transcerver
coils may exhibit transmuitter field and recerver field intensity
variations which contribute to image inhomogeniety.

A simple mathematical model of the measured MR 1mage
1s given by the following equation:

R(x,y)=F(x,y)I(x,y)

Where R(x,y) 1s the recerved image, F(x,y) 1s the multiplica-
tive, inhomogeneous coil(s) field, and I(x,y) 1s the unadulter-
ated true 1image data. In this model random noise 1s ignored. If
the coil field were known, the recerved image could be modi-
fied by F~'(x,y) producing the more uniform true image.
Numerous methods to estimate the recetver coil field have
been proposed. One class’ of solutions involves knowledge of
the coil geometry and electrical characteristics allowing ana-
lytic field modeling using the Biot-Savart law. These methods
require knowledge of the patient position and size of the
receiver coil and do not account for changing coil character-
istics. Also, the tlexible nature of coil arrays 1s problematic.
Another class utilizes additional measurements on a uniform
phantom to map the coil field. The requirement for 1dentical

patient and phantom scanning parameters make these tech-
niques 1mpractical. Other techniques use low resolution
images acquired at the time of the patient scan to estimate the
coil field, thus increasing the scan time. Post-processing or
retrospective methods have been proposed also. Some require
manual intervention to achieve good results, which 1s not
desirable. Some assume that a low pass filtered version of the
image 1s a good approximation to the coil field, which 1s not
the case 1n high contrast areas of images. A number of other

post-processing methods use 1image content to generate an
estimate of the intensity field. Thus, a method 1s desired that

compensates for 1image imhomogeneity regardless of the
source while simultaneously enhancing the image contrast.

SUMMARY

The present invention provides a method and apparatus to
enhance the 1mage contrast of a Magnetic Resonance Imag-
ing (MRI) device while simultaneously compensating for
image inhomogeneity, regardless of the source. The present
invention corrects intensity inhomogeneities producing a
more uniform image appearance. Also, the image 1s enhanced
through increased tissue contrast. The present invention
makes no assumptions as to the source of the inhomogene-
ities, e.g., physical coil characteristics or patient placement.
In the method, the error between the histogram of the spatially
weilghted original 1mage and a specified histogram 1s mini-
mized. The specified histogram may be selected to increase
tissue contrast generally or to accentuate a particular tissue
class. The weighting 1s achieved by two-dimensional inter-
polation of a sparse grid of control points overlaying the
image. The sparse grid 1s used rather than a dense one to
compensate for the slowly varying image non-uniformity.
Also, sparseness reduces the computational complexity as the
final weight set involves the solution of simultaneous linear
equations whose number 1s the size of the chosen grid.
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4
BRIEF DESCRIPTION OF THE DRAWINGS

The features, aspects, and advantages of the present inven-
tion will become better understood with regard to the follow-
ing description, appended claims, and accompanying Draw-
ings where:

FIGS. 1A and 1B generally illustrate an MRI apparatus that
employs the principles of the present invention;

FIG. 2 1llustrates a sagittal lumbar spine T1 fast spin echo
image with intensity variations;

FIG. 3 shows a histogram for the image of FIG. 2;

FIG. 4 1llustrates a uniform histogram equalized image of
the image of FIG. 2;

FIG. § shows a uniform histogram for the image of FIG. 4,
weighted to brighter values;

FIG. 6 1llustrates an 1mage processed according to the
present 1nvention;

FIG. 7 shows a histogram, according to the present inven-
tion, for the image of FIG. 6;

FIG. 8 shows the weighting function surface of the present
invention; and

FIG. 9 1llustrates a flow chart of steps employed 1n 1imple-
menting an embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The following detailed description 1s presented to enable
any person skilled 1n the art to make and use the invention. For
purposes ol explanation, specific nomenclature 1s set forth to
provide a thorough understanding of the present invention.
However, 1t will be apparent to one skilled in the art that these
specific details are not required to practice the invention.
Descriptions of specific applications are provided only as
representative examples. Various modifications to the pre-
terred embodiments will be readily apparent to one skilled 1n
the art, and the general principles defined herein may be
applied to other embodiments and applications without
departing from the scope of the invention. The present inven-
tion 1s not intended to be limited to the embodiments shown,
but is to be accorded the widest possible scope consistent with
the principles and features disclosed herein.

The present invention 1s a magnetic resonance imaging,
method and apparatus that transforms the original pixel val-
ues of an 1mage so that the resulting image histogram approxi-
mates a specified histogram with certain spatial constraints.
Histogram modification has been used as an image enhance-
ment technique for some time. By moditying the histogram as
described below, the method compensates for image inhomo-
geneity regardless of the source, while simultaneously
enhancing the image contrast. The present invention will be
described in more detail herein below.

An exemplary MRI apparatus of the present mvention,
with which the principles of the present invention may be
practiced, 1s shown in FIGS. 1A and 1B of the Drawings. In an
open MRI, generally represented by the reference numeral
100 1n FIGS. 1A and 1B, a magnet structure includes a pair of
vertically extending sidewalls 102 and an upper tlux return
structure, including a pair of flux return members 104 and 106
extending between sidewalls 102. The lower flux return struc-
ture 1includes a similar pair of flux return members 108 and
110. A pair of round, generally cylindrical ferromagnetic

poles 112 project inwardly from the opposed sidewalls 102
along a magnet axis or pole axis 114. A tlux source 1s also
provided, 1in this example including coils 116, illustrated in
FIG. 1B, which may be resistive or super-conducting coils
surrounding the poles or may be permanent magnet material,
as 1s understood in the art. In a possible variant, the upper and
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lower flux return members, 104, 106, 108 and 110 may not
necessarily include pairs, as 1s described hereinabove. In par-
ticular the upper and lower flux return members may include
a single member that 1s positioned and sized to provide an
adequate flux return path.

A more detailed description of the exemplary MRI appa-
ratus may be found 1n commonly-owned U.S. Pat. No. 6,828,
792, which 1s incorporated by reference herein. Although the
MRI apparatus described in this specification 1s preferably an
open MRI apparatus, or other non-traditional MRI apparatus,
the principles of the present innovation are just as applicable
for any traditional MRI apparatus as well.

In an MR 1mage, intensity inhomogeneity degrades image
contrast, thereby making presentation problematic regardless
of contrast and brightness settings. An example of an 1mage
with undesirable intensity variations 1s shown in FIG. 2. The
image ol FIG. 2 1s from an MRI apparatus, such as that of
FIGS. 1A and 1B, and shows a sagittal lumbar spine T1 fast
spin echo 1mage. Areas of the image near the recerver coil are
extremely bright with intensity decreasing with anterior dis-
tance. The histogram of this image 1s shown 1n FIG. 3. The
dominance of the dark pixel areas 1s noted with the great
majority of pixels below intensity values of 1000.

After processing the image according to traditional uni-
form histogram equalization, the 1image 1s more uniform 1n
intensity, but still somewhat difficult to analyze, as 1s shown 1n
FIG. 4. The modified histogram of this image 1s shown 1n FIG.
5. As can be seen from FIGS. 4 and 5, the histogram 1s more
uniformly distributed and the resulting 1image 1s more uni-
form 1n appearance, albeit not demonstrably better than the
original.

In the traditional method of direct histogram specification,
the histogram 1s modified in a manner that depends solely on
the global properties of the image, 1.¢., the histogram. This
traditional technique transforms the image histogram to a
specified histogram without regard to local 1image content.
Two distinct images with identical histograms will, therefore,
generate the same transformation.

Although this 1s a standard method of 1image enhancement,
it 1s not entirely appropriate for the aforedescribed image
inhomogeneity problem. A “dark™ pixel in the relatively
bright portion of an MR 1mage should not be transformed in
the same way as a “dark” pixel in an area of decreased inten-
sity. To remedy this problem, the present invention introduces
the effects of the slowly varying intensity inhomogeneity into
the generation of individual pixel transformations.

Betfore correction, near the surface of the receiver coil,
image 1ntensity i1s bright, while image intensity drops off
moving away from the coil. When corrected using the correc-
tion technique of the present invention, the intensity near the
coil 1s decreased while the intensity away from the coil 1s
increased. This technique makes the image intensity more
uniform, and decreases 1image contrast globally, but increases
contrast within tissue classes. Following correction, images
ol the spine and 1mages of tissue classes with fat have greater
contrast. Prior to correction, areas with high intensity, such as
subcutaneous fat, bright areas near the skin, bright areas near
the coil distort the image and make diagnosis difficult. After
processing, the global 1mage contrast 1s decreased, and the
intensity of the fat values are decreased, but dark areas 1n fat
are 1ncreased and contrast within tissue classes 1s 1ncreased.

In the present invention, a specified histogram distribution
1s selected to enhance the 1image 1n some way. Uniform or
linearly-rising histograms have been used to increase the
contrast in dark image areas, but any other shape may be used.
A transformation 1s then applied to the original 1image gray
levels moditying them to have the specified histogram. These
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are the reference pixel set. A sparse rectangular grid of control
points 1s overlaid on the image. This grid represents the loca-
tion of a group of mterpolating functions that influence each
pixel’s final value depending on the Euclidean distance of the
pixel from the control or grid point. A sparse grid 1s chosen
rather than a dense one to compensate for the slowly varying
image inhomogeneity. A dense grid would introduce the
capability to correct for high frequency changes in image
intensity, which i1s not necessarily desirable. The method of
the present invention computes a set of weights that scale the
amplitudes of the interpolating functions. The weights are
computed in such a way as to minimize the sum of the squared
errors between the histogram-transformed pixel value and the
weighted pixel value. Grid sparseness reduces the computa-
tional complexity as the final weight set involves the solution
of simultaneous linear equations whose number 1s the size of
the chosen grid.

The global histogram specification transformation 1s com-
puted in the conventional manner:

s =1(G)

where n 1s the gray level index, S, 1s the gray level result after
transforming gray level value G,, and T(-) 1s the histogram
specified transformation.

The square of the total image error 1s given by:

where € is the squared error associated with the i” pixel, N
1s the number of pixels 1n the 1mage, and s, 1s the histogram-
specified transformed gray level of the i”” pixel. The term s,' is
the resulting gray level of the i” pixel due to the total contri-
bution of the interpolated weighting grid. Thus,

it
S; = P,_Z bﬁ WJ‘
=1

where P, is the original gray level of the i” pixel, b; 1s the
interpolation coefficient of the i grid point acting on the i”
pixel, W, 1s the weight value of the i” interpolating function,
1.€., grid point, and M 1s the number of points 1n the grid. That
is, the new gray level value of the i” pixel is the old gray value
times the sum of the M interpolation function contributions.
Two dimensional interpolation functions have been studied,
and multiquadratic basis functions are chosen for their
smoothness and accuracy. In that case, the equation used 1s

b ﬁ.:\/ (dﬁ.2+r2)3 wherer 1s an adjustable parameter, and d ; 1s the
Euclidean distance from the i grid pointto the i” pixel. Other

functions such as l::-j.I.Zdﬂ'2 log d,; or two dimensional Gaussian
functions may be used for simplicity.

The total squared error then becomes:

N 12

M
82: E S;—P;Z bﬁWj

=1

Taking the partial dervative with respect to the weights and
equating to zero minimizes the error, yielding:
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B 1s a symmetric and positive definite matrix and the set of
weilghts can now be solved by the mversion of B.

W=Bp"17

The 1image of FIG. 2 was processed with the technique
described hereinabove and the resulting 1image 1s shown 1n
FIG. 6. As 1s evident from the figure, the 1image has been
transformed to a more uniform intensity. Unlike the tradi-
tional histogram equalization techmque, this method consid-
ers a pixel’s location when performing modification. The
resulting histogram 1s shown in FIG. 7. The histogram still
shows a large number of pixels near zero intensity represent-
ing those 1n the 1mage outside the anatomy. However, there
has been a shift 1n anatomy pixels toward brighter values.

The image of FIG. 6 was processed using two-dimensional
(Gaussian weighting functions centered on a 4x4 grid. That 1s,
16 grid points were chosen to overlay the original 1image
information of FIG. 2. At each grid point, the interpolation
function or weighting function used was a two-dimensional
Gaussian function. Alternatively, for a 3D MR 1mage, the
interpolation function or weighting function used at each 3D
orid point could be a three-dimensional Gaussian function.
Each weighting function at each grid point varies 1n ampli-
tude, thereby correcting the original image for imtensity inho-
mogeneities.

The total weight contribution to the image of these func-
tions 1s shown 1n FIG. 8. The brighter intensity areas in FIG.
8 represent the higher weighting values. The weighting sur-
face appears to be the inverse of the coil intensity profile in the
original image. The weighting functions are centered at the
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intersection of the gridlines, 1.¢., the intersections of horizon-
tal and vertical lines connecting the 16 grid points, along the
image perimeter as well as with each other.

The method described hereinabove corrects intensity inho-
mogeneities producing a more uniform 1mage appearance.
Also, the image 1s enhanced through increased tissue con-
trast. The method makes no assumptions as to the source of
the inhomogeneities, e.g., physical coil characteristics or
patient placement. In the method, the error between the his-
togram of the spatially-weighted original image and a speci-
fied histogram 1s minimized. The specified histogram may be
selected to increase tissue contrast generally or to accentuate
a particular tissue class. The weighting 1s achieved by two-
dimensional interpolation of a sparse grid of control points
overlaying the image. The sparse grid 1s used rather than a
dense one to compensate for the slowly varying image non-

uniformity. Also, sparseness reduces the computational com-
plexity as the final weight set involves the solution of simul-
taneous linear equations whose number 1s the size of the
chosen grid.

With reference now to FIG. 9, there 1s shown a flowchart,
designated generally by the reference numeral 900, illustrat-
ing various steps that may be performed 1n implementing the
present invention. In FIG. 9, original image gray levels, 1.¢.,
the raw 1image data or P,, designated by the reference numeral
903, such as shown hereinabove 1n FIG. 2, are used to gener-
ate an original image histogram 910, such as shown 1n FI1G. 3.
Also shown 1n FIG. 9 15 a specified histogram 915, e.g., the
alforementioned uniform, linearly-rising or other histograms.
A transformation 920 1s then applied to the original gray
levels 905, using the original image histogram 910, modity-
ing the levels to have the specified histogram 915, resulting 1n
modified 1image gray levels 925.

Also shown 1n flowchart 900 of FIG. 9 1s an image pixel
location element, designated by the reference number 930,
which provides mput to the atoredescribed grid, particularly
a sparse rectangular grid of control points, overlaid on the
image. As described hereinabove, the grid incorporates inter-
polation functions, designated generally by the reference
numeral 935, which are used 1n the matrix calculations, as
described hereinabove.

The original image gray levels (P,) 905 and the grid func-
tions 935 are used to compute the aforedescribed B matrix,
designated by the reference numeral 940, which 1s then
inverted 945. The original 1image gray levels 905, grid inter-
polation coetlicients/Tunctions 935 and the modified or trans-
formed 1mage gray levels 925 are employed to compute the
alorementioned Z vector, designated by reference numeral
950. The inverted B matrix 943 and Z vector 950 are then used
to compute the weight vector W, designated by reference
numeral 955, as per the aloredescribed formula:

W=R"17

The onginal image gray levels 905, the grid functions 935
and the weight vector W 955 are then employed to modify the
original data, designated by reference numeral 960, and out-
put corrected image gray levels 965, pursuant to the teachings
of the present invention.

The foregoing description of the present mvention pro-
vides 1illustration and description, but 1s not mtended to be
exhaustive or to limit the mvention to the precise one dis-
closed. Modifications and variations are possible consistent
with the above teachings or may be acquired from practice of
the mvention. Thus, it 1s noted that the scope of the invention
1s defined by the claims and their equivalents.
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What 1s claimed 1s:

1. A method of correcting intensity inhomogeneity 1n a
magnetic resonance 1imaging machine, said method compris-
ing the steps of:

scanning an object using said magnetic resonance 1maging
machine;

receiving pixel information for an 1mage of the object;
generating a histogram; and

transforming at least one pixel 1n said pixel information by
minimizing error between said histogram and a specified

histogram.

2. The method of claim 1, wherein the step of transforming,
1s performed by weighting said at least one pixel according to
a weighting function.

3. The method according to claim 1, wherein said step of
transforming comprises:

modifying said pixel information;

computing a weighting vector by mimimizing the error
between said histogram and said specified histogram;
and

correcting said pixel information using said weighting vec-
tor.

4. The method according to claim 3, wherein said weight-
ing vector (W) 1s described by the formula:

Ww=R"17

5. The method according to claim 4, wherein the matrices
B and Z are described by the formulas:

and

where s. 1s the histogram specified transformed gray level of
the i” pixel, N is the number of pixels in the image, P, is the
original gray level of the i’ pixel, b;; 1s the interpolation
coefficient of the i grid point acting on the i’ pixel, W 1s the
weight value of the i interpolating function, and M is the

number of points 1n the grid.

6. The method according to claim 3, wherein said step of
computing further comprises:
applying to said pixel information a plurality of grid points,
said grid points overlaying said image of said object,
cach said grid point having associated therewith at least
one interpolating function.
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7. The method according to claim 6, wherein said at least
one nterpolating function 1s selected from the group consist-
ing of:

(Gaussian functions and multiquadratic basis functions.

8. The method according to claim 7, wherein said Gaussian
function 1s selected from the group consisting of:

two-dimensional Gaussian functions and three-dimen-
stonal Gaussian functions.

9. The method according to claim 1, wherein said specified
histogram 1s selected from the group consisting of

uniform histograms, linearly-rising histograms, tissue con-
trast enhancement histograms, tissue class accentuation
histograms and combinations thereof.

10. A magnetic resonance 1maging apparatus for imaging

an object, said apparatus comprising;:

a magnetic field generator;

a radio frequency signal generator, said radio frequency
signal generator exciting respective nucler within said
object;

a radio frequency coil for recerving magnetic resonance
signals; and

a processor for processing the magnetic resonance signals
acquired,

wherein said processor transforms 1image pixel information
by minimizing error between a histogram of an 1mage
and a specified histogram.

11. The magnetic resonance apparatus according to claim
10, wherein said processor transforms 1mage pixel informa-
tion by weighting each pixel according to a weighting func-
tion.

12. The magnetic resonance apparatus according to claim
10, wherein said processor 1n transforming:

modifies said pixel information;

computes a weighting vector by minimizing the error
between said histogram and said specified histogram;
and

corrects said pixel information using said weighting vector.

13. The magnetic resonance apparatus according to claim
12, wherein said weighting vector (W) 1s described by the
formula:

W=Bp"1Z7

14. The magnetic resonance apparatus according to claim
13, wherein the matrices B and Z are described by the formu-
las:
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where s, 1s the histogram specified transformed gray level of
the i” pixel, N is the number of pixels in the image, P, is the
original gray level of the i pixel, b;; 1s the imterpolation
i orid point acting on the i pixel, W 1s the

coefficient of the §°
weight value of the j” interpolating function, and M is the
number of points 1n the grid.

15. The magnetic resonance apparatus according to claim
12, wherein said processor 1n computing:

applies to said pixel information a plurality of grid points,

said grid points overlaying said image, each said gnid
point having associated therewith at least one interpo-
lating function.

16. The magnetic resonance apparatus according to claim
15, wherein said at least one interpolating function is selected
from the group consisting of:

(Gaussian functions and multiquadratic basis functions.

17. The magnetic resonance apparatus according to claim
16, wherein said Gaussian function 1s selected from the group
consisting of:

two-dimensional Gaussian functions and three-dimen-

stonal Gaussian functions.

18. The magnetic resonance apparatus according to claim
10, wherein said specified histogram 1s selected from the
group consisting of:

uniform histograms, linearly-rising histograms, tissue con-

trast enhancement histograms, tissue class accentuation
histograms and combinations thereof.
19. An i1mage Ifrom a magnetic resonance imaging
machine, said
image comprising: a plurality of pixels 1n an image,
wherein said plurality of pixels 1n said image correspond to
pixel information of an object scanned by said magnetic
resonance imaging machine, said pixel information hav-
ing 1image intensity imhomogeneity therein; and

wherein at least one pixel in said pixel mmformation 1s
transformed by minimizing error between a histogram
generated from said pixel information and a specified
histogram, thereby correcting said image itensity inho-
mogenelty within said image, and forming a corrected
1mage.

20. The image according to claim 19, wherein said at least
one pixel 1s transformed by weighting said at least one pixel
according to a weighing function.

21. A method of correcting intensity inhomogeneity in a
magnetic resonance imaging machine, said method compris-
ing the steps of:
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scanning an object using said magnetic resonance 1maging
machine;

recerving pixel information for an image of the object;

generating a histogram of said image; and

transforming at least one pixel 1n said pixel information by
minimizing error between said histogram and a specified
histogram,

wherein a plurality of grid points overlay said image of said
object, each said grid point having associated therewith
at least one interpolating function, thereby minimizing
said error.

22. A magnetic resonance 1imaging apparatus for imaging,

an object, said apparatus comprising:

a magnetic field generator;

a radio frequency signal generator, said radio frequency
signal generator exciting respective nucler within said
object;

a radio frequency coil for receving magnetic resonance
signals; and

a processor for processing the magnetic resonance signals
acquired,

wherein said processor transforms 1mage pixel information
by minimizing error between a histogram of an 1image
and a specified histogram, and

wherein a plurality of gnd points overlay said image, each
said grid point having associated therewith at least one
interpolating function, thereby minimizing said error.

23. An 1mage from a magnetic resonance 1maging

machine, said image comprising:

a plurality of pixels 1n an 1mage,

wherein said plurality ol pixels 1n said image correspond to
pixel information of an object scanned by said magnetic
resonance imaging machine, said pixel information hav-
ing image ntensity mhomogeneity therein; and

wherein at least one pixel 1n said pixel mformation 1s
transformed by minimizing error between a histogram
generated from said pixel information and a specified
histogram, and

wherein a plurality of grid points overlay said image, each
said grid point having associated therewith at least one
interpolating function, thereby correcting said image
intensity mnhomogeneity within said image, minimizing
said error and forming a corrected 1mage.
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